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Synthesis of Habitat Availability and Carrying Capacity
Research to Support Water Management Decisions and
Enhance Conditions for Pacific Salmon in the Willamette

River, Oregon

By Tobias J. Kock, Russell W. Perry, Gabriel S. Hansen, James White, Laurel Stratton Garvin, and J. Rose

Wallick

Abstract

Flow management is complex in the Willamette River
Basin where the U.S. Army Corps of Engineers owns and
operates a system of 13 dams and reservoirs (hereinafter
Willamette Project), which are spread throughout three large
tributaries including the Middle Fork Willamette, McKenzie,
and Santiam Rivers. The primary purpose of the Willamette
Project is flood-risk management, which provides criti-
cal protection to the Willamette Valley, but flow managers
must also consider factors such as power generation, water-
quality improvement, irrigation, recreation, and protection for
aquatic species such as U.S. Endangered Species Act-listed
Chinook salmon (Oncorhynchus tshawytscha) and steelhead
(O. mykiss). Flow-management decision-making in the basin
can benefit from models that allow for flow-scenario compari-
sons and a wide range of modeling methods are available. For
this study, we examined existing datasets and modeling efforts
in the basin and provided an overview of available options.
Most previous studies used Physical Habitat Simulation
System, habitat data were collected from a series of tran-
sects within modeled reaches, and habitat suitability indices
were obtained from the literature, or using expert opinion.
These studies provide information for specific reaches of the
Willamette River Basin, which limits their ability to provide
broad-scale predictive capability. Recent efforts to develop a
two-dimensional hydraulic model in the mainstem Willamette
River, and in specific reaches of primary tributaries down-
stream from Project dams, have bolstered modeling capabili-
ties in the basin. This work has developed spatially continuous
water depth and velocity data in more than 250 kilometers
(km) of river downstream from Project dams and has predic-
tive capability throughout the year at flows up to normal peak
levels. Additionally, other methods are described for esti-
mating habitat availability, which include habitat suitability
criteria, logistic regression, occupancy and abundance model-
ing, and energetic based approaches. There are strengths and
weaknesses to each approach and selection of the preferred

approach in the Willamette River Basin will depend on the
desired metrics of interest and the risk tolerance of managers
and stakeholders in the basin.

Introduction

Upper Willamette River (UWR) spring Chinook salmon
(Oncorhynchus tshawytscha) and winter steelhead (O. mykiss)
are anadromous fish species that use the UWR and its tribu-
taries to spawn, rear, and migrate to and from the ocean.
However, the physical and ecological conditions on which
these species depend have been substantially impacted by
the construction and operation of the U.S. Army Corps of
Engineers (USACE) Willamette Project, a system of 13 dams,
reservoirs, and revetments that provide flood control and other
societal benefits to communities in the Willamette Valley
(fig. 1). By blocking fish passage and altering downstream
hydrographs, thermal regimes, and habitat-forming processes,
dams and reservoirs in the Middle Fork Willamette River,
McKenzie River, and Santiam River Basins have contributed
to habitat losses and constrained the ability of anadromous
fish species to move between critical spawning and rearing
habitats (National Marine Fisheries Service, 2008; Keefer and
others, 2013; Wallick and others, 2013; Beeman and others,
2014; Kock and others, 2015). In consequence, UWR spring
Chinook salmon and winter steelhead are listed as threat-
ened under the U.S. Endangered Species Act (ESA; National
Marine Fisheries Service, 1999a, 1999b).

In response to this listing, the National Marine
Fisheries Service (now National Oceanic and Atmospheric
Administration Fisheries) issued a 2008 Biological Opinion
(BiOp; National Marine Fisheries Service, 2008), which con-
cluded that continued operation of Willamette Project dams
would jeopardize UWR spring Chinook salmon and winter
steelhead, along with 11 other fish species, and specified
several actions to improve flow and temperature management
for listed species. These actions included improving upstream
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Figure 1.
Project dams operated by the U.S. Army Corps of Engineers.

Willamette River Basin in western Oregon, highlighting the river network and locations of Willamette




and downstream fish passage at dams, specified minimum
and maximum flow levels downstream from dams, specified
ramping rates of managed flows, and special actions such
as pulsed flows designed to benefit outmigration of juvenile
fish. In addition, the BiOP mandated flow-related research,
monitoring, and evaluation in rivers affected by Willamette
Project dams to determine both compliance and effective-
ness (National Marine Fisheries Service, 2008). In response
to the 2008 BiOp findings and previous consultations, the
USACE established and implemented plans for improving
fish passage and downstream conditions at several dams in the
Willamette Project, including providing temperature control at
Cougar Dam on the South Fork McKenzie River, fish passage
at Foster Dam on the South Santiam River, seasonal down-
stream fish passage at Fall Creek Dam on Fall Creek, planned
temperature control at Detroit Dam on the North Santiam
River, and planned fish passage at Cougar and Detroit Dams.
Research is underway to evaluate the feasibility of providing
safe and effective fish passage for Lookout Point and Dexter
Dams, which includes investigating water-management effects
on habitat conditions downstream from these dams to support
migrating UWR spring Chinook salmon and winter steelhead.
With multiple flow management, temperature control,
and fish passage projects underway or already completed,
the USACE is working to address effects of the Willamette
Project dams on ESA-listed species and the 2008 BiOp
requirements. In support of this mission, the USACE and its

Introduction 3

regional partners need to better understand how operations at
a project-wide scale influence the amount of habitat avail-
able for spawning adult and rearing juvenile Chinook salmon
and steelhead. This information is needed to inform questions
about dam operations to support fish passage goals, including
trade-offs between passing fry downstream from dams to rear
or encouraging reservoir rearing. Information about density
dependence is also needed. Density dependent processes can
arise as a function of fish passage management activities, pop-
ulation abundance, and hatchery supplementation, and will be
directly influenced by the carrying capacity of the Willamette
River and its major tributaries downstream from Willamette
Project dams.

This study was conducted to address three primary objec-
tives with the goal of providing information that could be used
to inform flow-management decisions aimed at improving
conditions for Chinook salmon and steelhead in the Willamette
River Basin. These objectives include (1) reviewing existing
habitat and fisheries datasets from the Willamette River to
determine if these resources are useful for future analyses of
flow-management scenarios in the basin and to identify key
data gaps; (2) summarizing standard and alternative methods
for estimating habitat availability under different flow- and
temperature-management scenarios; and (3) identifying
optimal methods for estimating carrying capacity under vari-
ous scenarios with consideration of the potential for density-
dependent effects.
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Objective 1—Review Existing
Willamette River Datasets and Identify
Key Data Gaps

Existing Studies and Datasets

We acquired and reviewed 10 studies and datasets from
previous research in the Willamette River Basin (table 1) to
understand what information was available, and to determine
the extent to which they were useful for future analysis of
flow management effects on salmonid habitat in the basin.
With multiple flow management, temperature control, and fish
passage projects underway or already completed, the USACE
is working to address effects of the Willamette Project dams
on ESA-listed species and the National Marine Fisheries
Service 2008 BiOp requirements. The USACE and its regional
partners require tools that provide a better understanding
of how operations at a Project-wide scale influence habitat
availability and carrying capacity in the mainstem Willamette
River and its major tributaries downstream from Project dams.
To accomplish this, the USACE is interested in developing
a model that will provide spatially explicit time-series esti-
mates of useable habitat area under various flow-management
scenarios. This model has been developed for most of the
mainstem Willamette River (river kilometer [rkm] 81-282;
White and others, 2020) and data collection is underway to
inform model expansion to include major Willamette River
tributaries. In addition to these efforts, a thorough review of
existing studies and datasets from the Willamette River is
necessary to determine if model expansion could benefit from
these sources. We conducted this review to consider several
factors, including (1) the spatial extent of the study area, (2)
methods used, and (3) relevancy of results to flow manage-
ment downstream from Project dams. We reviewed existing
literature and datasets in the context of the specific goals of the
USACE to develop spatially explicit time series of fish habitat
and capacity.

Each of the habitat modeling studies (R2 Resource
Consultants, Inc., 2005, 2009, 2014; Ellis Ecological Services,
Inc., and Santiam Water Control District, 2010; River Design
Group, Inc., and HDR, Inc., 2015; Bond and others, 2017)
contained useful findings that contributed to the current
state-of-knowledge on anadromous fish, and the habitat that
they use in the basin. However, we concluded that the infor-
mation available in each study was of limited use for future
analysis of flow management in the Willamette River Basin
for various reasons. For example, some of the studies (R2
Resource Consultants, Inc., 2005, 2009; Bond and others,
2017) were primarily focused on river and reservoir reaches
located upstream from Project dams. Other studies conducted
downstream from Project dams focused on specific habitat
types (Stan Gregory, oral commun., June 2020; Williams,
2014; Whitman and others, 2017) and did not provide data
that adequately represented all available habitat that would

be required to understand the effects of flow management on
habitat availability in the basin. The remaining studies (Ellis
Ecological Services, Inc., and Santiam Water Control District,
2010; R2 Resource Consultants, Inc., 2014; River Design
Group, Inc., and HDR, Inc., 2015) used habitat suitability
approaches to estimate habitat availability but were conducted
at spatial scales that may limit their usefulness in future, basin-
wide, modeling efforts. One analysis that could provide sub-
stantial insights into further evaluation of these studies would
be to compare habitat predictions obtained from the model
from White and others (2020) to predictions from these other
studies to assess for differences, and to understand factors
influencing these differences. This approach would provide a
rigorous method for assessing the strengths and weaknesses of
each study in a quantitative manner that was beyond the scope
of this study.

The 2005 study by R2 Resource Consultants, Inc. (here-
inafter R2; R2 Resource Consultants, Inc., 2005) was con-
ducted to review stream survey data collected by the Oregon
Department of Fish and Wildlife and U.S. Forest Service
during 1989-2001. The goal of the review was to assess avail-
able data to determine if habitat availability could be estimated
for Chinook salmon, steelhead, and bull trout in adult hold-
ing, spawning, and juvenile rearing life stages in the Santiam,
McKenzie, and Middle Fork Willamette River Basins. In their
assessment, R2 concluded that existing data were “gener-
ally outdated, collected with inconsistent protocols, or were
missing critical stream sections, and thus, could not be used
to assess mainstem habitats” (R2 Resource Consultants,

Inc., 2009, page vi). This finding prompted the USACE to
fund a second phase of research, which included additional
data collection efforts during 2006 and 2007 (R2 Resource
Consultants, Inc., 2009). For this effort, 414 km (257 miles) of
stream habitat were surveyed with the majority (76 percent)
of the habitat located upstream from Project dams, but habitat
surveys included mainstem tributary habitat downstream
from dams in the North Santiam, South Santiam, South Fork
McKenzie, and Middle Fork Willamette Rivers (R2 Resource
Consultants, Inc., 2009). The 2009 R2 study used these data,
collected during fall 2006 and 2007, to provide estimates of
habitat availability types for steelhead and Chinook salmon
in major tributaries of the Willamette River. These studies
provided useful information for resource managers in the
Willamette River by reviewing existing datasets and estimat-
ing how adult holding and spawning habitat and juvenile
rearing habitat are distributed upstream and downstream from
Project dams in the Willamette River Basin.

In 2009, Ellis Ecological Services, Inc., and Santiam
Water Control District (2010) conducted a study to evaluate
how water withdrawals for a proposed hydroelectric facil-
ity would affect habitat availability for several fish species,
including Chinook salmon and steelhead. This study was
conducted in a 3-mile reach of the North Santiam River near
Stayton, Oregon (Ellis Ecological Services, Inc., and Santiam
Water Control District, 2010) and used the Instream Flow
Incremental Methodology (IFIM; Bovee and others, 1998).
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Table 1.

could be used in future assessment of habitat availability in the basin.

Summary of previous studies conducted in the Willamette River Basin that were reviewed to determine if data and results

[NMFS, National Marine Fisheries Service; ODFW, Oregon Department of Fish and Wildlife; PHABSIM, Physical Habitat Simulation System; RHABSIM,

River Habitat Simulation System; USFS, U.S. Forest Service; UWR, Upper Willamette River]

Previous study—Title

Authorship

Study years

Method

Estimates of UWR Chinook and steelhead
spawning and rearing capacity above and
below Willamette Project (WP) dams

Willamette River floodplain 100 meter slices
framework geospatial data

Evaluating migration timing and habitat for ju-
venile Chinook salmon and winter Steelhead
in the mainstem Willamette River and major
spawning tributaries

Evaluation of the relationship between river
flow and fish habitat availability in the
Middle Fork of the Willamette and McKen-
zie Rivers

Habitat relationships of native and non-native
fishes of the Willamette River, Oregon

Willamette fish database

Evaluation of habitat-flow relationships for
Spring Chinook and winter steelhead in the
North and South Santiam Rivers, Oregon

Effects of proposed diversion on fish, fish habi-
tat, migration and water quality

Willamette River basin habitat assessment data
summary report

Willamette Valley anadromous fish and bull
trout habitat assessment

Bond and others (2017)

Hulse, Enright, and
Branscomb. (2017)

Whitman and others (2017)

River Design Group, Inc. and
HDR, Inc., (2015)

Williams (2014), Master’s
thesis

Stan Gregory, oral commun.,
June 2020

R2 Resource Consultants, Inc.,
(2014)

Ellis Ecological Services, Inc.,
and Santiam Water Control
District, (2010)

R2 Resource Consultants, Inc.
(2009)

R2 Resource Consultants, Inc.
(2005)

Bureau of Fisheries (NMFS)
Pre-dam surveys 1938—42;
R2 surveys 2006

2017

200215
Habitat assessment
2011, 2013

2014

2011-13

2001-13;
Habitat assessment
2011-13

2010

2010

2006, 2007

ODFW and USFS surveys
1989-2001

Spatial analysis; Random
forest model

Expert opinion

Beach seining

PHABSIM

Boat and backpack
electrofishing, beach
seining

Boat and backpack
electrofishing, beach
seining

PHABSIM

RHABSIM

Visual estimate

Synthesis

This study provided results that could be potentially insightful
for flow management related to operations at Detroit and Big
CIliff Dams in a short river reach. However, the information
contained in the study was deemed to be too limited for future
analyses due to the small size of the study area.

In 2010, R2 conducted a study to assess how differ-
ent flow conditions affected habitat availability for juvenile
and adult Chinook salmon and winter steelhead in the North
and South Santiam Rivers (R2 Resource Consultants, Inc.,
2014). This study was a substantial undertaking that included
field data collection and habitat modeling using the Physical
Habitat Simulation System (PHABSIM), which was also used
for other modeling efforts in the basin (table 1). Habitat data
were collected from a series of transects that provided a coarse
characterization of reach-specific habitat features. Habitat
suitability curves were developed for the North and South
Santiam Rivers using information from the literature and local

expertise, and habitat estimates were generated for reaches
downstream from Big Cliff Dam (North Santiam River) and
Foster Dam (South Santiam River; R2 Resource Consultants,
Inc., 2014). The study produced useful results that showed
how habitat availability was influenced by various flow levels
in each river. Although this study achieved its stated goals, the
results were confined to the Santiam River Basin, habitat suit-
ability curves were generated using literature-based data, and
habitat was coarsely characterized using data collected from
river transects in specific reaches.

The River Design Group, Inc., and HDR, Inc. conducted
a study in 2015 to assess the relation between river flow and
spawning and incubation habitat for adult spring Chinook
salmon downstream from Project dams in the Middle Fork
Willamette River, South Fork McKenzie River, and McKen-
zie River (River Design Group, Inc., and HDR, Inc., 2015).
This study included data collection efforts to describe habitat
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conditions at 10 transects within each study reach, providing
information about channel bathymetry, water-surface eleva-
tions, velocity profiles, and substrate and channel cover types
across a range of flow conditions that occurred in each tribu-
tary during September—January 2010 through 2015. This study
provided useful information about how flow management
influences habitat availability for adult spring Chinook salmon
downstream from project dams.

The Bond and others (2017) study has three sections that
focus specifically on (1) estimating spawning capacity for
adult spring Chinook salmon upstream and downstream from
Project dams, (2) estimating rearing capacity for subyearling
Chinook salmon in Detroit, Foster, and Cougar Reservoirs,
and (3) estimating summer parr rearing capacity for Chinook
salmon and steelhead upstream and downstream from Project
dams on the North Santiam, South Santiam, McKenzie,
and Middle Fork Willamette Rivers. This study represents a
substantial body of work, much of which is focused on areas
upstream from Project dams. The first section of the report
describes an effort to estimate spawning capacity of adult
spring Chinook salmon in the North Santiam, South Santiam,
McKenzie, and Middle Fork Willamette Rivers. This effort
combines a geomorphic approach with pre-dam spawning sub-
strate data (McIntosh and others, 1990) to generate spawner
capacity in each basin. These estimates were then compared
to estimates from R2 Resource Consultants, Inc. (2014). The
second section describes a bioenergetics assessment of rearing
capacity of subyearling Chinook salmon in Detroit, Foster, and
Cougar Reservoirs. Consumption was simulated for resident
and anadromous planktivores and compared to zooplankton
density data from each reservoir to estimate the number of
each species that could be supported in the reservoir. The third
section of the report assessed summer parr rearing capacity for
Chinook salmon upstream and downstream from dams on the
North Santiam, South Santiam, McKenzie, and Middle Fork
Willamette Rivers. Although this study provided information
about capacity estimates for various life stages of Chinook
salmon in the Willamette River Basin, much of the focus was
on areas located upstream from Project dams so this study has
little to offer future evaluations on decisions related to flow
management. Furthermore, the USACE’s primary interest is
understanding how within-year water management and flow
variability affects time-varying habitat availability and capac-
ity. In contrast, the estimates of habitat capacity provided in
Bond and others (2017) represent a static system-wide average
of capacity. Therefore, although useful, the estimates and
findings from Bond and others (2017) cannot be incorporated
directly into habitat models for fine-scale temporally varying
estimates of habitat availability.

We reviewed one sampling framework, one multiyear
dataset, and two studies that could be particularly useful for
future evaluations in the Willamette River Basin. The first of
these is the SLICES framework (Hulse and Gregory, 2004),
which was developed for community monitoring and site
selection on the mainstem Willamette River and consists of
300 1-km sections on the mainstem river (Williams, 2014).
This framework allows researchers to work and communicate
on a common sampling platform within the basin, and to visu-
ally assess river features (relative width, presence of sloughs
or backwater areas) within each slice using images available
on the website (https://ir.library.oregonstate.edu/concern/
datasets/5712mc568; fig. 2). The second is the Willamette
Fish Database, which is a collection of fish sampling data
from Oregon State University and the Oregon Department of
Fish and Wildlife from the mainstem Willamette River during
2001-2013 (Stan Gregory, oral commun., June 2020). This is
a comprehensive dataset from 167 sites (96 mainstem and 71
slough) on the Willamette River, which includes native and
non-native fish species. In addition to the fish sampling data,
habitat data for each sampling site are also available for sam-
pling that occurred in 2011, 2012, and 2013. The first of the
two studies (Williams, 2014) included data collection during
the summers 2011-13. Approximately 80,000 fish were col-
lected during this study in the lower 280 rkm of the Willamette
River and its seasonally inundated floodplain. Results from
the study provide a solid understanding of how native and
non-native fish species are distributed in the river and provide
information about important habitat types for various fish spe-
cies. Finally, Whitman and others (2017) summarize rearing
and migration timing data for juvenile Chinook salmon in the
Willamette River and its major spawning tributaries collected
during a long-term (2002—15) beach seine survey. Habitat rela-
tions were also assessed for two of the sampling years along
with results from incidental sampling of juvenile steelhead.
Collectively, these products comprise an important body of
information related to juvenile salmon and steelhead behavior
in the Willamette River Basin.

In summary, we found that existing datasets and stud-
ies from the Willamette River were useful contributions to
the existing state-of-knowledge in the basin. However, these
studies were not designed with the objective of developing
spatially explicit time-series estimates of habitat availability or
capacity in the mainstem Willamette River and major tributar-
ies. Therefore, findings from these studies are at incongruent
temporal or spatial scales for use in detailed habitat modeling
aimed at achieving this objective in the future.
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Objective 2—Summarize Methods to
Estimate Habitat Availability

The U.S. Geological Survey (Oregon Water Science
Center, Portland, Oregon) has recently been working to
develop a two-dimensional (2D) hydrodynamic model that can
be used to describe how flow-management scenarios influence
aquatic habitats downstream from Project dams (for example,
Tiffan and others, 2002; Hatten and others, 2009). The original
2D model was constructed for the mainstem Willamette River
in the reach between rkm 81 and rkm 282 with future data
collection planned to allow expansion to the North Santiam,
South Santiam, and Santiam Rivers, and a portion of the McK-
enzie River, downstream of Project dams. Once completed,
the 2D model will cover most of the important anadromous
salmonid habitat influenced by flow management at Project
dams. The 2D hydrodynamic model will eventually be linked
with water temperature and smallmouth bass habitat models
to increase the predictive capability of the model by including
these factors.

In preparing our summary of the available methodologies
for quantifying salmonid habitat, our frame of reference was
formed by the intended use of the 2D hydrodynamic model to
estimate habitat availability in the Willamette River and major
tributaries downstream from Willamette Project dams as a
time-series (that is, dynamic hydrograph) function of river-
flow and water temperature. Two-dimensional hydrodynamic
models are spatially explicit numerical models comprised
of georeferenced cells that contain estimates of water depth,
depth-averaged velocities, Froude number, etc. (see Tiffan
and others, 2002; Hatten and others, 2009). The challenge of
quantifying habitat suitability centers on defining a mathemati-
cal function that takes cell-specific physical attributes as inputs
and converts them to a numeric value measuring relative
habitat suitability:

T =f(xi) (1)

where
T is the relative suitability of cell i,
X, is a vector of habitat attributes measured

1

at cell 7 (for example, depth, velocity,
substrate, cover, etc.), and

f(xi)

This section summarizes the different methods used to define
the habitat function f(x,).

We use the term “suitability” in a generic sense and
emphasize that it should not be confused with specific
applications such as “habitat suitability criteria.” Different
methods for defining f(x,) yield different biological interpreta-
tions about the meaning of =, that are important to consider
when weighing the strength of inference associated with each
method. In addition, although our frame of reference involves
application of f(x;) to two-dimensional hydrodynamic models,

is the function producing 7, from X;.

much of what follows applies to coarser level physical models
such as one-dimensional PHABSIM models that characterize
physical habitat across multiple channel cross sections (Bovee,
1982; Gard, 2005).

Methods for modeling habitat availability and use have
evolved substantially during the past four decades (Som and
others, 2016; Yi and others, 2017). Early approaches com-
monly used PHABSIM with habitat suitability indices derived
using expert opinion (Bovee, 1982; Shirvell, 1989; Booker
and Dunbar, 2004). As the science evolved, new methods were
developed to describe the probability of habitat use by aquatic
organisms in specific habitats (resource selection functions;
Manly and others, 1992; Boyce and McDonald, 1999), to
predict the probability of true presence and absence in habitats
by accounting for imperfect detection probabilities (occupancy
modeling; Wenger and others, 2008; Falke and others, 2012),
and eventually incorporating factors such as food availability
and energy expenditure (energetic approaches; Wall and oth-
ers, 2016; Naman and others, 2019) into models that assess
habitat use. As these methods evolved, advancements shifted
from using expert opinion to develop f(x;), which required no
field data (for example, PHABSIM) to fitting statistical models
to habitat use and physical data collected from the system of
interest (presence/absence studies) to develop models that
account for physical and biological (for example, food supply)
factors in the suitability of a particular cell (for example, net
rate of energetic intake). Thus, we describe habitat suitabil-
ity methods along a gradient of increasing data requirements
and describe the benefits, criticisms, and drawbacks of each
method (fig. 3). This section is not intended to be an exhaus-
tive review of the literature, but rather a description of the
range of methods available for developing the habitat suitabil-
ity function f(x;) for the Willamette River.

Nearly all methods summarized herein measure habi-
tat suitability on a relative scale from zero to one, with zero
being interpreted as a particular cell being unsuitable habitat
and one being interpreted as perfectly suitable. This quantity
itself is useful in a spatially explicit context, as maps of habitat
suitability provide useful insights into how habitat is spatially
distributed laterally and longitudinally along the riverscape
(Tiffan and others, 2002). Managers are also interested in the
quantity of suitable habitat at a given flow summarized over
some meaningful management unit such as a geomorphic
habitat unit (for example, pool, riffle, run) or longitudinal unit
(for example, per kilometer). Quantifying the amount of suit-
able habitat involves considering both habitat suitability and
the aerial dimensions over which the suitability applies:

H = er"ﬂce}lsﬂ,'a,' (2)

where
H  is the amount of suitable habitat (typically
square meters or hectares),
a; is the area of cell i (typically square
meters), and
is the number of cells contained within the
unit’s boundaries.

n_cells
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This equation highlights how intermediate values of suit-
ability contribute to the total habitat area. Mathematically,
is the fraction of cell area a, contributing to the total amount
of habitat. Statistically, for methods where 7; can be inter-
preted as a probability that a cell is occupied by one or more
individuals, H can be thought of as the expected value (that is,
the mean) of the amount of suitable habitat. For PHABSIM
and methods using habitat suitability criteria (HSC; Thomas
and Bovee, 1993; Baker and Coon, 1997), H is equivalent to
the metric known as weighted useable area. Habitat arca may
also be summarized over particular ranges of z; by defining
break points that characterize poor-, average-, and high-quality
habitat (for example, summing over the ranges of 7, = 0-0.33,
0.33-0.66, and 0.66—1, respectively). At the extreme of this
approach, a single cutpoint of 7; may be defined, above or
below which the cell is considered as suitable or unsuitable
habitat.

Habitat Suitability Criteria

HSC methods cover an extremely wide class of
approaches for constructing f(x;), ranging from expert opinion
(Hatten and others, 2014) and literature-based approaches
(DeWeber and Peterson, 2020) to statistically rigorous
approaches for fitting habitat suitability models to field data
(Som and others, 2016; Hatten and others, 2018). The avail-
able literature on this topic is immense and includes the
field of IFIM and the PHABSIM habitat modeling platform.
Common among the various HSC approaches, however, is the
procedure for constructing f(x;), which involves

9

(1) developing a univariate habitat suitability index (HSI)
for each physical variable (for example, depth and
velocity), and

(2) afunction that combines the univariate HSIs (that
is, f(x;)) into a composite suitability index (CSI; that
18, ;).

Each univariate HSI assigns a value between zero
and one for a particular value of the physical variable. The
composite suitability index defines a function that combines
the univariate HSIs into one CSI on a (0, 1) scale. Standard
functions include (1) the product of univariate HSIs, (2) the
geometric mean of univariate HSIs, or (3) the minimum value
of the univariate HSIs (Wakeley, 1988; Brooks, 1997).

Next, we provide two examples illustrating the range of
methods used for generating a composite suitability index.
First, the SWIFT team (Science of the Willamette Instream
Flows Team) used a literature review to identify three ranges
of acceptable conditions for juvenile Chinook salmon (narrow,
median, and broad, DeWeber and Peterson, 2020). For habitat
modeling purposes under each category, SWIFT criteria con-
sider a cell as suitable habitat only if the values of all physical
variables fall within the defined range. These criteria can be
expressed as univariate HSIs with the composite suitability
index being the product of univariate HSIs (fig. 4). Values
outside the prescribed range are assigned an HSI of zero and
values within the range are assigned an HSI of one. Next, for
a particular hydraulic model cell at a given flow, taking the
product of the three HSI values for the CSI is equivalent to
the rule that all three variables must fall within the prescribed
range for each physical variable. That is, if any of the HSI
values equals zero, then the CSI will be zero.

Figure 3. Conceptual hierarchy of five contemporary habitat assessment methods ranging from
less complex (top) to more complex (bottom), including relative data requirements and the relative
inference of each approach to a given population.
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For the second example, HSIs may be developed from
habitat use data collected within the system of interest.
Traditionally, habitat use data consist of what is referred to
as “presence only” data where measurements of physical
variables are taken at locations where fish are observed and
known to be present. Given a dataset of sufficient sample size
representing a range of physical variables at which fish were
observed, analytical and statistical methods can be applied
to the data. For example, one approach involves generating
a histogram representing the frequency with which fish were
observed at given values of the physical variables. More
quantitative advancements to this approach rely on fitting
non-parametric kernel density estimators to approximate the
distribution of the data (Hayes and Jowett, 1994; Hatten and
others, 2018). Recent methods involve statistically fitting
probability distribution functions (PDFs) to the presence only
data and then scaling the PDF to a maximum value of one
(Som and others, 2016). For example, Perry and others (2019)
used the methods of Som and others (2016) to generate HSIs
for juvenile Chinook salmon in the Klamath River (fig. 5).
Advantages to this approach include the ability to use model
selection techniques for identifying the best-fit distribution
and quantification of uncertainty in the estimate of HSC (but
see also Williams, 2010). Despite advancements in methods
for quantifying HSIs, a function for combining the HSIs into a
CSI must be assumed.

IFIM, PHABSIM, and the underlying HSCs on which
they rely have been criticized in several reviews over the
years (Mathur and others, 1985; Orth, 1987; Gan and McMa-
hon, 1990; Castleberry and others, 1996; Moir and others,
2005; Beecher and others, 2010; Lancaster and Downes,
2010; Railsback, 2016). A common criticism is that HSCs are
developed using expert judgment or literature-derived inputs
rather than data collected from the river of interest, and studies
have shown that this approach can result in predictions that
are inaccurate or biased (Conder and Annear, 1987; Gan and
McMahon, 1990; Moir and others, 2005; Beecher and others,
2010). Other criticisms have questioned the scientific defen-
sibility of PHABSIM studies because the number of transects
used often do not adequately represent the river segment being
modeled and uncertainty in model outputs is seldom addressed
(Castleberry and others, 1996; Williams, 2001, 2010). Habitat
studies on the Willamette River (R2 Resource Consultants,
Inc., 2005, 2009; Bond and others, 2017, as examples) have
largely relied on HSCs, which are based on expert opinion and
out-of-basin fish use data as well, although the reliability of
estimates produced from these efforts is unclear.

Other criticisms rest on the nature of presence-only data
for inference and the sophistication of quantitative techniques
used when generating and combining HSIs. First, presence-
only data contain no information about the physical variables
where fish are absent, and therefore important information is
missing about the probability of occurrence at a given loca-
tion relative to the availability of different physical variables.
Royle and others (2012) found that analytical techniques for
presence-only data resulted in extreme under-prediction of

species occurrence relative to logistic regression analysis that
included habitat characteristics where species were both pres-
ent and absent. Second, HSIs have also been criticized for lack
of measures of uncertainty (for example, confidence intervals),
although several methods have been developed (Williams,
2013; Som and others, 2016). Last, the functions for com-
bining HSIs into a CSI are somewhat arbitrary and do not
consider interactions among variables or non-linear responses
of habitat selection to physical variables.

Logistic Regression Models

Whereas data analysis for HSIs rely on presence-only
data, logistic regression models are applied to binary data;
that is, data where fish are present at location i (y;, = 1) or not-
present at a location i (y; = 0). This type of data is typically
referred to as “presence/absence data.” However, we use the
terms “not present” or “non-presence data” to highlight the
fact that zeros do not necessarily mean that fish are absent, as
the term “presence/absence” implies. Rather, zeros are indica-
tive of both false negatives (no fish detected at location i but
fish were present) and true negatives (no fish detected at site i
because fish were absent).

Logistic regression models applied to binary presence/
non-presence data may be further divided into two classes.
First, resource selection functions often refer to logistic regres-
sion models applied to presence-only data that have been
augmented with “pseudo-absences” using locations where
animals may or may not have visited. This type of data is often
referred to as use-availability data (Johnson and others, 2006).
For example, Hatten and others (2013) developed a resource
selection model for Moapa Dace (Moapa coriacea), a small
thermophilic cyprinid inhabiting spring-fed tributary of the
Muddy River, Nevada. Hatten and others (2013) developed a
two-dimensional hydrodynamic model to quantify depth and
velocity where Moapa Dace were observed by snorkelers.
Then they generated pseudo-absences by randomly sampling
cells from the hydrodynamic model where fish were not
observed and analyzed these use-availability data using logis-
tic regression.

Second, the more standard data type for logistic regres-
sion analysis occurs when sampling locations are pre-selected
in some fashion (for example, stratified random sampling),
sites visited, and then presence or non-presence recorded
for each site. For example, Tiffan and others (2006) applied
logistic regression techniques to presence / non-presence data
generated using point electrofishing sampling in the Hanford
Reach of the Columbia River. They found that water veloci-
ties less than 45 centimeters per second and low lateral bank
slopes were associated with a higher probability of pres-
ence. Alternatively, in situations where salmon create nests
(redds) that are obvious to observers, pseudo-absences can
be randomly generated in areas without redds after applying
a GIS buffer (mask) around the red (see Hatten and others,
2009, 2018).
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Figure 5.

Univariate habitat suitability curves for depth (in meters [m]), velocity (in meters per second [m/s]), and distance to

cover (in m) fitted to presence-only observations of juvenile Chinook salmon fry and parr in the Klamath River, California, using
methods of Som and others (2016). Figure reprinted from Perry and others (2019).

Logistic regression has several advantages over habitat
suitability indices. First, the definition of the habitat suitability
response variable, 7, is clear and biologically interpretable: 7,
is the probability of fish being present at site i. In contrast,
CSlIs cannot be interpreted as a probability of presence but
rather as a relative value of the suitability of site i. Second,
because logistic regression has a well-founded statistical meth-
odology, measures of uncertainty such as confidence intervals
are standard output. Third, the data informs the regression
coefficients, which allow different weighting of the relative

contribution of each physical variable to the probability of
presence (that is, the odds ratio). In contrast, the functions to
combine HSI into a composite suitability index assume equal
contribution of the physical variables to the composite suit-
ability. Last, different hypotheses about the form of the f(x)),
the logistic function expressing =, as a function of physical
variables x,, can be evaluated by comparing the goodness of fit
of different model structures to the data. For example, mod-
els that include quadratic terms that capture optimal values

of physical variables can be compared against models with
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only additive effects among physical variables (Hatten and
others, 2009). Beakes and others (2014) evaluated statistical
approaches to estimating salmon habitat where they com-
pared a model-averaged logistic regression model to the more
standard technique of combining univariate suitability indices.
They found that the standard method of aggregating univari-
ate suitability indices tended to over-predict habitat occupancy
and under-predict model uncertainty.

One of the chief drawbacks of presence/non-presence
data is the implicit assumption that zeros represent true
absences. Imperfect detection, regardless of the sampling
method (electrofishing, snorkeling, seining, etc.), is the rule
rather than the exception. Consequently, false absences con-
taminate presence/non-presence data, leading to negative bias
in the probability of presence. More importantly, if the detec-
tion process is also related to the physical variables hypoth-
esized to influence habitat use (for example, fish detection by
a snorkeler might decrease with increasing depth), then the
estimated relation between physical variables and habitat use
may be biased.

Occupancy Models

Occupancy models extend logistic regression models by
explicitly estimating detection probability, thereby distinguish-
ing between true absences and false absences (MacKenzie
and others, 2002). Estimating detection probability requires
additional data collection in the form of repeated independent
sampling at site i. For example, if two snorkelers indepen-
dently record whether fish are present at site i/ and the resulting
data are a 1 and a 0, then we know that fish were present but
not detected by one of the snorkelers. These data are formally
incorporated into a statistical model allowing for the estima-
tion of detection probability and occupancy probability. For
example, Sethi and Benolkin (2013) used replicate minnow
traps in an occupancy model design and estimated a mean
probability of detection of 68 percent. Because the goal of
their study was to document salmon-bearing water bodies,
they were able to quantify the probability of a true absence
even if no salmon were captured. Given an occupancy design
with replicate site-level sampling, the probability of true pres-
ence can be modeled as a function of habitat covariates in a
logistic regression framework, similar to standard presence/
non-presence data.

Abundance Models

Abundance is a fundamental quantity of interest in most
fish and wildlife monitoring programs yet one of the most
difficult parameters to estimate. Although statistical meth-
ods for estimating abundance form the subject of numerous
textbooks (for example, Seber, 1982), most of these methods
focus on estimating population sizes over large spatial and
temporal scales and often rely on mark-recapture techniques.
In contrast, in our application we are interested in drawing
inference about the number of fish occupying a specific habitat

patch on a spatial scale of the cells in hydrodynamic models
used for habitat modeling (for example, less than 10 square
meters). Furthermore, although occupancy probability can

be interpreted as the probability of one or more individuals
occupying the site, measuring abundance at the same site may
provide more detailed information about the quality of the site
as it relates to physical habitat variables.

Although many sampling methods can be used to obtain
a count of individuals at a sampling location (snorkeling,
electrofishing, minnow traps, seines), count-type data (for
example, counts, count per unit effort, density) will typically
underestimate the true abundance due to imperfect capture
efficiency of sampling gears. Furthermore, although count-
type data are often used as an index of abundance, as with
presence/absence data, if habitat covariates affect both the
detection process and the abundance process (for example,
large woody debris), then inferences about habitat covariates
may be biased. Another challenge to estimating abundance
at small spatial and temporal scales is that mark-recapture
techniques often cannot be used because fish may leave the
sampling area (lack of geographic closure) or may be too
small to effectively mark.

Much progress has been made over the last 15 years in
the development of statistical models that are able to estimate
abundance using spatially replicated count data. This wide
class of models was first developed by Royle (2004) and are
known as N-mixture models. The data for the basic N-mixture
model follows similarly to that in occupancy models where
replicate independent counts of individuals are obtained at a
site when the site is deemed closed to immigration or emigra-
tion. Replicate counts at site i are assumed to be drawn from
some underlying true abundance, N,, with detection prob-
ability p. Furthermore, by representing true abundance across
multiple sites as a Poisson distribution with mean x, N-mixture
models can estimate both abundance and detection probabil-
ity. As with occupancy and logistic regression models, both
detection probability and abundance (or density when scaling
abundance to sampling area) can be modeled as functions of
habitat covariates.

N-mixture models have both strengths and weaknesses.
The ability to estimate detection probability without having
to mark individuals in any way is a major strength of this
approach, but this comes at a cost of being “data hungry” in
the sense that large sample sizes are required to precisely esti-
mate parameters of interest. Other strengths include the flex-
ibility of N-mixture models to accommodate overdispersion
in abundance or to substitute different sampling models for
specific sampling designs. For example, multi-pass depletion
models where individuals are removed on successive samples
(for example, using beach seines or electroshocking) can be
substituted into the N-mixture framework to estimate detec-
tion probability (Dorazio and others, 2005). Last, N-mixture
models may be difficult to fit to data or produce biased esti-
mates of abundance in situations with small sample size, few
replicate samples, and low detection probability (Barker and
others, 2018).
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Recently, N-mixture models were used to assess the
relation between physical habitat variables and densities of
juvenile Chinook salmon on the Trinity River, California (Som
and others, 2018). This study used dual independent snorkel-
ers to obtain independent counts of juvenile Chinook salmon
within patches of relatively homogeneous habitat. The authors
quantified the effect of depth, velocity, and distance to cover
on abundance of juvenile Chinook salmon while accounting
for the effect of imperfect detection. One of the key findings
was that the effect of depth mitigated the effect of velocity
on abundance, indicating a broader range of suitable habitat
over the range of depth relative to the findings of many other
studies. This study has formed the basis for the current field
study being conducted in the Willamette Valley by the U.S.
Geological Survey, Columbia River Research Laboratory. One
of the advantages of this study design is that the data can also
be used for occupancy modeling either by using N-mixture
models to calculate the probability of absence (N = 0) or by
simplifying the count data to presence/non-presence data.

Energetic-Based Approaches

Energetic-based approaches involve integrating a drift-
foraging model with physical variables (that is, depth and
velocity) and food availability (that is, drift) to predict whether
a foraging location is energetically profitable (Fausch, 1984;
Hughes and Dill, 1990). These methods have been proposed
as a more mechanistic underpinning for the drivers of habitat
selection relative to models based solely on physical variables
because they provide metrics more closely related to fitness
(Naman and others, 2019). Net energy intake is the currency
of drift foraging models measuring the difference between
gross energy intake and energetic costs of occupying a particu-
lar foraging location (Rosenfeld and others, 2014). Inputs into
the drift foraging model include measures of drift concen-
tration, fish size, water temperature, and water velocity at a
foraging location (Naman and others, 2019). At its simplest
interpretation, negative net energy intake values indicate a for-
aging location that is unsuitable, whereas positive values indi-
cate profitable, and therefore suitable, habitat. Outputs to drift
foraging models may also be scaled to 0—1 values similar to
HSI or resource selection functions (Naman and others, 2019).

Energetic based approaches also have advantages and dis-
advantages. As mentioned above, this fitness-based approach
models habitat suitability as arising from fundamental biologi-
cal processes driving the need for individuals to grow and
survive. In addition, this framework expands the ecological
niche from depending on solely physical variables to integrat-
ing biological variables such as drift concentration and food
availability. Furthermore, drift foraging models more naturally
integrate water temperature into habitat selection models by
calculating swimming costs of occupying a particular loca-
tion. However, these models also require detailed information
about drift concentration and can be computationally intensive
requiring long model run times. Furthermore, most model

applications have assumed constant or average drift concentra-
tions across a range of flow (Rosenfeld and others, 2014). Yet
recent work has revealed that drift concentration may change
in response to flow, thus influencing the profitability of a for-
aging location relative to a constant drift assumption (Hayes
and others, 2019). Although more work is needed to refine
energetic modeling approaches, numerous papers have shown
that energetic-based models can outperform physically based
models (Hayes and others, 2016; Rosenfeld and others, 2016;
Naman and others, 2019).

Objective 3—Identify Optimal Methods
for Estimating Carrying Capacity and
its Influence on Density-Dependent
Processes in the Willamette River and
its Major Tributaries

Carrying capacity and habitat availability are closely
related but distinct concepts. Available habitat can be thought
of as the quantity of wetted riverine habitat (typically surface
area; for example, square meters or hectares) that has the
appropriate biotic (for example, food) and abiotic (for exam-
ple, water velocity, depth, temperature) attributes to support a
particular life stage. In contrast, a common definition of capac-
ity is the maximum abundance that a given unit of river can
support over a period of time sufficient to complete a given
life stage. In its simplest form, capacity (K) is a function of
habitat availability and the maximum fish density (c) per unit
of suitable habitat area (4) according to the relationship K = ¢
x A. Although the density of fish may in turn be a function of
micro-habitat attributes (Som and others, 2018), this general
conceptual model still applies. In turn, capacity can influence
demographic processes through density-dependent survival,
growth, or movement (Independent Scientific Advisory Board,
2015; Perry and others, 2018).

Density-dependent population models (for example,
the Beverton-Holt stock-recruitment model) illustrate how
density dependence manifests at population levels well below
capacity (fig. 6). For example, density independence implies
that survival is constant with respect to population abundance
(fig. 6). However, under density-dependence, survival declines
as population abundance approaches capacity fig. 6). Thus,
density-dependence becomes apparent at population levels
well below capacity (the point at which the dashed and thin
solid lines in fig. 6 begin to diverge). This conceptual model
illustrates how changing habitat area (4) or influencing habitat
attributes that affect maximum habitat density (c) ultimately
modifies total carrying capacity (K), in turn affecting the
population abundance at which density-dependence begins to
be expressed.



Every measure of carrying capacity is linked to some
underlying spatial and temporal scale of measurement. At the
broadest geographic scale, the size of a drainage basin influ-
ences the catchment area that receives precipitation, which
affects stream order and magnitude of discharge, ultimately
determining the available habitat area to support anadromous
salmonid populations. For example, the capacity and equilib-
rium population parameters in stock recruitment models have
been shown to be positively related to accessible drainage
basin area (Parken and others, 2006; Liermann and others,
2010). This finding makes sense— larger drainage basins
can support larger salmon populations, all else being equal.
At the finest spatial scale, an individual’s space requirements
for successful feeding, growth, and survival dictate inter- and
intra-specific competitive interactions that affect the number
of individuals able to “fit” into a given unit of suitable habitat.
For example, the seminal paper of Grant and Kramer (1990)
showed that an individual’s territory size was a significant
predictor of the upper limit of population density for stream
salmonids.

Estimates of capacity also represent characteristic at the
temporal scale. Capacity estimates at the drainage basin scale
encompass an entire life cycle, and thus the capacity timescale
on the order of years for anadromous salmonids. Temporal
scales for measures such as territory size or upper bounds of
density based on visual surveys (for example, snorkeling)
represent timescales much closer to instantaneous temporal

K=cxA

N(t+1)

Figure 6. Beverton-Holt model showing the linkages between
habitat area (A), maximum density per unit of suitable habitat
area (c), carrying capacity (K, heavy solid line) and their influence
on density-dependent population dynamics. The dotted line
shows a density independent population model where survival is
independent of the number of individuals at time t, N(t).
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scales. That is, maximum density estimates based on visual
surveys represent how many fish a given habitat can hold at a
particular snapshot in time. It makes sense, then, that capacity
estimates should decrease as the temporal scale of resolution
increases. For example, a particular stream foraging loca-
tion may be capable of supporting highly dense aggregations
(for example, schooling) for short periods of time, but lower
average densities over longer time frames for feeding rates to
support growth.

Particular life stages represent spatiotemporal scales
intermediate to drainage basin/lifecycle scales and territory/
instantaneous scales. For example, the fry life stage, bracket-
ing the time from emergence until growth to some critical size
threshold defining the parr stage, encompasses timescales on
the order of weeks to months and spatially encompasses the
array of habitats necessary for an individual to successfully
complete this life stage. The multistage Beverton-Holt model
put forth by Moussalli and Hilborn (1986) illustrates this
concept by expressing cumulative capacity across multiple
life stages as a function of stage-specific productivity (that is,
survival) and capacity parameters:

C, = il 3
n Pz’ ( )
e,
where
C, is the cumulative capacity from lifestages i

=1,...,n,

P, is the cumulative productivity representing
the product of stage-specific survival
probabilities from stage 1, ..., i, and

¢;  1s the capacity of stage i.

This formulation illustrates how cumulative capacity
through multiple lifestages is a function of both stage-specific
capacities and survival probabilities. To illustrate the linkage
between capacity and time, consider four life stages each with
3-month stage durations, stage-specific capacities of 10,000
individuals, and constant survival rates leading to an annual
survival of 25 percent. The cumulative capacity of this popula-
tion decreases from 10,000 to 1,380 individuals over three
successive 3-month periods (fig. 7).

Approaches for estimating carrying capacity have
focused on opposite ends of the spatiotemporal scales. By
far, spawner-recruit models (for example, the Beverton-Holt
or Ricker model) have formed the basis of salmon popula-
tion management, providing statistical estimates of carrying
capacity at the population or management-unit level (Quinn
and Deriso, 1999; Hilborn and Walters, 2013). In contrast, ter-
ritory size measured for territorial juvenile salmonids provides
an estimate of the per-individual space requirements at finer
temporal scales. Between these extremes, multi-stage popula-
tion models provide a means for linking finer scale spatiotem-
poral dynamics at the scale of life stages to population-level

capacity.
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Figure 7.

At the population level, statistical models provide a
means not only for estimating capacity, but for understand-
ing effects of management actions or environmental variation
on recruitment. For example, recent analysis by Scheurell
(2019) estimated a carrying capacity of approximately 9,000
natural-origin Chinook salmon spawners in the Willamette
River Basin. Scheurell (2019) also found the strong support
for density dependent population dynamics and found the
most support for the effect of maximum flow during the period
when age-2 smolts were outmigrating. Juvenile abundance
data may also be used within multistage models to estimate
capacity of different life stages. For example, using abundance
estimates of naturally produced juvenile fall Chinook Salmon
in the Snake River, Tiffan and Perry (2020) estimated a juve-
nile capacity of 1.25 million fish. Tiffan and Perry (2020) also
found considerable support for density dependence as evi-
denced by little increase in juvenile recruitment as abundance
of female spawners increased to greater than 10,000.

At the individual level, salmonids often maintain ter-
ritories by defending profitable feeding areas. If the supply of
profitable feeding areas is limited, then the availability of feed-
ing areas can impose an upper limit on the number of fish the
stream supports. As mentioned previously, Grant and Kramer
(1990) found strong support for this theory by showing that
an individual’s territory size was a significant predictor of the
upper limit of population density for stream salmonids. As
further support for the link between territory size and carrying
capacity, Ayllon and others (2012) estimated carrying capac-
ity as the amount of available habitat divided by the expected

I I I
9 12 15

Months

Hypothetical four-stage population illustrating the linkage between capacity and time.

individual territory area. They found that this model explained
annual fluctuations in brown trout (Salmo trutta) across mul-
tiple years and populations.

Although a clear link exists between capacity and ter-
ritoriality of resident stream salmonids, the degree to which
juvenile anadromous salmonids exhibit territoriality can
vary by life stage, life-history strategy, and environmental
conditions. For example, Taylor (1990) found that parr of
ocean-type (for example, fall run) juvenile Chinook salmon
were more aggressive than fry, but both life stages were less
aggressive than stream-type (for example, spring run) juvenile
Chinook salmon. Furthermore, juvenile Chinook salmon can
often be found in dense three-dimensional schooling aggrega-
tions. Neuswanger and others (2016) found that schooling
juvenile Chinook salmon avoided proximity of their neigh-
bors and maintained a distance of 1.0 to 2.9 body lengths.
Thus, although juvenile Chinook salmon can express territo-
rial behavior, territory size and the degree of territoriality
expressed by individuals can be quite variable and context
dependent.

Given that capacity can be defined over different life-
stages and spatiotemporal scales, it follows that capacity and
density dependence estimated at the population scale arise
from habitat limitations at different locations and across mul-
tiple lifestages. In turn, density dependence at different points
in the life cycle can be expressed through density dependent
survival, growth, and movement (Independent Scientific
Advisory Board, 2015). For example, limited spawning habitat
can lead to redd superimposition, thereby reducing egg sur-
vival (McNeil, 1964; Maunder, 1997). For juvenile life stages,



density dependent growth has been shown to be a common
density dependent response to increased competition for food
and space across multiple species and populations (Grant and
Imre, 2005; Vincenzi and others, 2012; Walters and others,
2013; Independent Scientific Advisory Board, 2015; Matte
and others, 2020). In turn, reduced growth at high densities
combined with size-dependent survival has been hypothesized
as a key mechanism giving rise to density dependent survival
(Vincenzi and others, 2012; Walters and others, 2013). Given
that size-dependent survival is a common observation in
juvenile salmonids (Independent Scientific Advisory Board,
2015), the effect of capacity on density-dependent growth
also has important consequences on survival. Last, competi-
tion for limited habitat can induce density-movement, forcing
individuals to move downstream in search of available rearing
habitat (Greene and Beechie, 2004; Connor and others, 2013;
Copeland and others, 2014, Polivka, 2020). The degree to
which density-dependent growth, movement, and survival
contribute to population dynamics can vary among life stages
and populations. For example, Walters and others (2013)
found strong evidence of density-dependence growth and
survival, but little evidence of density-dependent movement.
In contrast, Connor and others (2013) found strong evidence
of density-dependent movement in subyearling Snake River
Chinook salmon.

The optimal approach to estimating capacity depends
on the management question at hand, although embracing
multiple approaches is likely to be more informative than
taking a one-size-fits-all approach. For example, statistical life
cycle models can be extremely useful for quantifying popula-
tion level capacity through an entire life cycle (for example,
Scheurell, 2019) or through a particular life stage (Tiffan and
Perry, 2020). In addition, modeling life-cycle parameters as
a function of covariates can provide insights into relevant
water management factors that affect population dynamics (for
example, riverflows during a particular life stage). Employing
analyses at multiple scales of resolution can help to understand
how dynamics at fine spatiotemporal scales (for example,
effect of daily flow fluctuations in a particular reach) give rise
to capacity limitations at the population/watershed scale.

Selecting the “optimal” methods for estimating capac-
ity is challenging owing to complex spatiotemporal dynamics
discussed above. Selecting one approach over another may
be informed by multiple methods. First, estimates of capac-
ity should be scaled to spatial and temporal scales relevant to
water management actions under consideration. In this case,
the USACE needs to understand the role of Willamette Project
operations on habitat use and capacity of the Willamette River.
Project operations occur on daily to weekly timescales, influ-
encing habitat in different locations at different times. In turn,
juvenile salmon fry, parr, pre-smolts and smolts survive, grow,
and move downstream over time, and are thus influenced by
project operations during these time periods.

Given goals of the USACE, insights about carrying
capacity at the population level may be uninformative about
water management actions at finer temporal and spatial scales
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acting on specific life stages at specific times and locations.

In this case, using territory size as a proxy for capacity may
provide a more direct index between fine-scale river man-
agement (for example, daily or weekly), spatial variation in
habitat availability in a particular river reach, and capacity
over shorter temporal and spatial scales. For example, territory
size as a metric for capacity provides a natural application to
2D hydrodynamic models implemented on daily or weekly
timescales.

Second, although capacity is an important metric, the
method employed to estimate capacity may be less important
than how capacity is used to understand effects of project
operations on anadromous salmon populations of interest. As
an endpoint, capacity carries no additional information beyond
that afforded by available habitat area if capacity is a simple
scalar transformation of habitat area (for example, capacity
= habitat area, mean territory size). However, capacity is the
key population parameter that determines the degree to which
juvenile salmon exhibit density-dependent demographic (for
example, survival), biological (for example, growth), and
behavioral (for example, movement) responses to given local
population densities that ultimately affect population dynam-
ics. Thus, gaining insight into the relative contribution of
density dependent growth, movement, and survival provides a
mechanistic linkage between project operations, capacity, and
their ultimate effect on salmon population dynamics.

Third, perhaps the best approach to evaluate the effects of
capacity on density-dependent dynamics is within a population
model that hypothesizes different density-dependent mecha-
nisms. Because capacity determines the magnitude of density
dependent population dynamics, the process of constructing a
population model helps to formalize (1) which density depen-
dent mechanisms (growth, movement, or survival) are hypoth-
esized to operate within a given population, (2) the life stages
that experience density dependence, and (3) the functional
relationships (that is, equations) and parameter values that
determine precisely how capacity affects density dependence.
For example, the series of decision support models being
developed for structured decision making in the Willamette
River (for example, DeWeber and Peterson, 2020) represent a
population model in which river operations are linked to a 2D
hydrodynamic model that is used to predict habitat capacity of
anadromous juvenile salmonids. In alternative model struc-
tures, capacity can affect either density dependent movement
or mortality (Peterson and others, 2020). The Stream Salmonid
Simulator (Perry and others, 2018, 2019) and InNSALMO
(Railsback and others, 2013; Dudley, 2018) are examples
of juvenile salmonid population models that include density
dependence mechanisms, operate on daily timescales, and
incorporate spatially explicit riverine habitat. The key feature
of each of the models is that density dependent population
dynamics at relatively fine spatial and temporal scales arise
from managed river flows that influence available habitat and
capacity at different locations and times.
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Summary

Decision-making related to flow management in
impounded rivers is an important topic worldwide (Kennard
and others, 2010) with significant socioeconomic and ecologi-
cal consequences. Science that supports flow management
decision-making has advanced significantly during the past
four decades (Som and others, 2018; Naman and others, 2019,
2020). Initial tools such as PHABSIM have proven useful and
been widely used but have also been shown to have limitations
and received substantial criticism (Mathur and others, 1985;
Orth, 1987; Beecher and others, 2010; Lancaster and Downes,
2010; Hayes and others, 2016). Newer tools have emerged that
have strong predictive power (Som and others, 2018; Naman
and others, 2020) but require large amounts of data for calibra-
tion. As such, resource managers face a difficult decision when
selecting tools to assist flow management decision-making;
devote minimal resources and use a conventional tool such as
PHABSIM that can operate using transect data collection and
literature-derived HSCs to produce results that may or may not
accurately predict outcomes of flow-based actions; or invest
substantially in in-basin data collection and model building
efforts to develop a tool that may provide more predictive
power. Decisions related to choosing which tool to use will
depend on the metrics of interest, the risks or uncertainties
associated with the different methods, and the risk tolerance of
managers and stakeholders in the basin.

In the Willamette River Basin, flow management is a
complex process due to competing interests (such as flood risk
management, recreation, downstream flow, and water tempera-
ture targets) and implementation that occurs using a network
of more than 12 reservoirs and dams located in multiple sub-
basins. Various life stages of ESA-listed Chinook salmon and
steelhead are present in the basin during most months of the
year and flow availability limitations often result in having
to choose between flow scenarios that do not benefit juvenile
and adult life stages equally, which further complicates the
process. Given these complexities, the need for a quality pre-
dictive model is apparent. The two-dimensional hydrodynamic
model that is currently being developed for the Willamette
River Basin (White and others, 2020) provides several
advantages over other modeling efforts previously completed
including: (1) continuous bathymetry data have been collected
in approximately 200 river kilometers located downstream
from Project dams and additional data collection is under-
way in primary Willamette River tributaries downstream
from these dams; (2) the model can be operated to account
for water temperature and habitat requirements for various
fish species and life stages; and (3) in-basin fish use data can
be readily applied to validate model results. This model was
developed specifically to assess flow management scenarios in
the mainstem Willamette River and improves substantially on
previous modeling efforts in the basin by utilizing a compre-
hensive bathymetry dataset. In-basin data collection will be
imperative to refine model development and validate model
predictions given the importance of this model to address
flow-management questions in the basin in the future.
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